Introduction

0
In modern and mechanized agriculture, herbicide weed control is mandatory to avoid significant crop 1 0 8 consecutive cycles of recurrent herbicide selection consisting of pyroxasulfone selection at 60 g ha -1 1 0 9
(Progeny one, P1), followed by another pyroxasulfone selection at 120 g ha -1 (Progeny two, P2) 120 g 1 1 0
ha -1 (Progeny three, P3) 240 g ha -1 (Progeny four, P4) then further subjected to two consecutive 1 1 1 selections at 1000 (Progeny five, P5) and 2000 (Progeny six, P6) g prosulfocarb ha -1 . The herbicide 1 1 2 susceptible L. rigidum population VLR1 was the control in all experiments (hereinafter referred to as 1 1 3 'S').
1 1 4 1 1 5
Herbicide assay 1 1 6
Herbicide survival response to pyroxasulfone in parental populations and F 1 families grown in pots 1 1 7
Viable seeds of L. rigidum populations P6, MR, S were germinated on 0.6% (v/w) solidified agar and 1 1 8
planted into 2L pots containing commercial potting mixture (50% peatmoss, 25% sand and 25% pine 1 1 9 bark) when the primordial root was visibly erupting from the seed coat. Approximately 2 hours after 1 2 0 seeding the pots were treated with 0 (untreated), 25 or 100 g pyroxasulfone ha -1 . For each herbicide 1 2 1 dose there were four replicates (experiment 1), six replicates (experiment 2) or two replicates 1 2 2 (experiment 3) with 25 viable germinated seeds treated per replicate. Survival was assessed in parental 1 2 3 populations at 60 days after treatment (DAT) in experiment 1 prior to leaf material collection, 15 DAT 1 2 4
in experiment 2 or 21 DAT in experiment 3 in F 1 families in response to 100 g pyroxasulfone ha -1 . 95°C, 40 cycles of 95°C for 10 sec, 60°C for 20 sec, and 72°C for 10 sec followed by a melt-curve 1 8 8
analysis to confirm single-product amplification.
8 9
Threshold-cycles (CTs) were obtained for each reaction using the Second Derivative Maximum method 1 9 0 in the LightCycler 480 software (Roche). The mean of CT values for the three technical replicates for 1 9 1 each sample was used to calculate the relative expression (RE) of the gene of interest using the 8 2 metabolizing genes, the expression levels of five putative P450s and GSTs previously identified in 2 8 3 3). However, there was no significant difference in P450-1 expression in resistant P6 compared to MR 2 9 1 individuals. The mRNA abundances of P450-2, P450-4 and P450-5 were not significantly different 2 9 2 among resistant P6, MR and S plants, while the expression of P450-3 was 5-and 3-fold reduced in 2 9 3 resistant P6 and MR, respectively, compared with S plants (P < 0.01) ( Figure 3 ). The transcript levels 2 9 4
of GST-1 were around 9 times higher in R P6 individuals compared to both MR and S plants. Likewise, 2 9 5 the mRNA levels of GST-2 were around 6 and 3 times more abundant in R P6 plants compared to MR 2 9 6 and S individuals, respectively ( Figure 4 ). The upregulation of these two GSTs was consistently found in 2 9 7 all tested P6 biological replicates. Tukey's multiple comparisons test of GST-1 and GST-2 expression 2 9 8 data showed high statistical significance (p value ≤ 0.01). In contrast, the expression levels of GST-3, 2 9 9
GST-4 and GST-5 were not significantly different among resistant P6, MR and S individuals ( Figure 4 ).
0 0
Thus, in the resistant P6 plants the increased transcript levels of GST-1 and GST-2 are associated with 3 0 1 pyroxasulfone resistance. For further confirmation the expression levels of these two GTSs were were treated with a sub-lethal 25 g ha -1 . In addition, to assess whether the expression of GST-1 and GST- and GST-2 over-expression were found in the pyroxasulfone treated plants ( Figure 5 ).
Correlation between GST expression and pyroxasulfone resistance in F 1 families 3 1 2
We assessed phenotypic pyroxasulfone resistance in 18 individual F 1 families (reciprocal pair crosses) 3 1 3 generated with three cloned resistant P6, MR and S plants. The mean plant survival assessed in F 1 3 1 4
families generated via pair-cross of resistant P6 with MR was significantly higher than that of F 1 3 1 5
families obtained with pair-cross of P6 with S ( χ 2 = 17; P < 0.001 ) which respectively was greater than 3 1 6 survival in F 1 from MR with S crosses ( χ 2 = 16; P < 0.001 ) ( Figure 6 ). A positive and significant This study provides evidence that a significant increase in constitutive GST gene expression is 3 5 3 associated with pyroxasulfone resistance at the individual parent plants and at the population level, as 3 5 4
both GST-1 and GST-2, both Tau class, had significantly higher transcription in P6 individuals than in 3 5 5 MR or S individuals. We did not observe any additional upregulation of GST-1 and GST-2 in 0 pyroxasulfone-susceptible (S) L. rigidum plants. ++ Figure 2B reports data shown in Figure 1 of (Tanetani et al., 2013). 
